Abstract --Thermoelectric effects in a single-junction thermal converter (SJTC) are responsible for an ac-dc transfer difference of the order of a few parts in 10 6 . Different thermoelectric effects are found in SJTCs. These are characterized by different timeconstants that reflect the characteristic scales of the thermoelectric effects and, hence, may give us a clue for identifying the location and the cause of the thermoelectric effects. A numerical simulation for a fast-reversed dc (FRDC) measurement was performed for the SJTC to determine the relationship between the characteristic scale of the thermoelectric effect and the characteristic time-constants associated with it. The relationship was in good agreement with a simple formula proposed for a one-dimensional thermal system.
I. INTRODUCTION
Single-junction thermal converters (SJTCs) were developed to establish ac-dc transfer standards by a calorimetric method. They have been used as practical standards in National Metrology Institutes for five decades. A simplified construction of a typical SJTC element is shown in Fig. 1 . A thin filament-heater and a thermocouple are inserted in an evacuated glass bulb. The thermocouple thermally contacts the heater at its midpoint using a bead made of electrically insulating material such as glass or ceramics. Ac and dc currents are alternately applied to the heater, and the temperature rise due to the equivalent Joule heat is measured with the thermocouple.
The SJTCs show frequency independent ac-dc transfer differences of a few parts in 10 6 . The major part of the difference originates from non-Joule heating or cooling due to Thomson or Peltier effects occurring at dc input current. The thermoelectric effects change the temperature distribution along the heater. At ac input current (>10 Hz), thermoelectric effects do not have enough time for such changes to develop because the current changes its polarity every half period.
There are two well-known thermoelectric effects that contribute to the ac-dc transfer difference at the 10 -6 level [1] . One is the second-order Thomson effect along the heater, and the other is the Peltier effect at the heater / heater support-lead junctions. In addition to these, local enhancement in Thomson or Peltier coefficients of the heater may occur during manufacturing when the glass-beads are formed by flaming or mechanical stress in the wire.
The thermoelectric effects from different origins and at different locations along the heater are expected to have different characteristic time-constants. For example, thermoelectric effects in the vicinity of the bead may have smaller timeconstants compared with the thermoelectric effects at the heater/ heater support junctions. Hence, the characteristic timeconstants of the thermoelectric effects may give us a clue for the investigation of the location and the origin of the thermoelectric effects. In this paper, a numerical simulation is performed on an SJTC to determine the thermoelectric time-constants due to several possible origins of the thermoelectric effects.
II. FAST-REVERSED DC
Recently, a fast-reversed dc (FRDC) method has been introduced to determine the thermoelectric transfer differences of thermal converters [2] . In the FRDC method, a high-precision rectangular-waveform is generated by switching between a positive dc source (DC+) and a negative dc source (DC-). The rectangular waveform produces steady-state Joule heat, and only a small thermal ripple is created due to first order thermoelectric effects. The influence of the thermoelectric effect will also decrease to zero by increasing the reversing frequency above some characteristic frequency of the thermoelectric effect. At the characteristic frequency, the first order thermoelectric effect is decreased to 63 %, which represents the time-constant of the thermoelectric effect. Utilizing this frequency response of a thermal converter to the FRDC waveform, it is possible to detect the thermoelectric effects of thermal converters and the thermoelectric time-constants associated with them. A FRDC-DC difference of a thermal converter is defined following the definition of the ac-dc transfer difference
Here the quantities E DC and E FRDC represent the output EMFs of the thermocouple when the dc voltage V DC and the fastreversed dc voltage of V FRDC are applied to a thermal converter.
The FRDC-DC difference δ FRDC is expected to have a functional dependence on the reversing interval T SW and to the time-constant τ ΤΕ as [3] ,
The formula (2) is based on a theoretical assumption that the thermoelectric effects in a thermal converter develop exponentially with time.
In the FRDC-DC difference measurements, the time-constants τ TE of thermal converters are evaluated by curve-fitting of the result δ FRDC (T SW ) to the formula. In the following sections, simulated FRDC-DC difference measurements were performed on an SJTC to evaluate the time-constants for several possible origins of the thermoelectric effects.
Since the numerical simulation evaluates the development of the thermoelectric effects with time, the adequacy of the formula (2) also can be tested by the simulated FRDC-DC difference measurement.
III. MATHEMATICAL M ODEL

A. Heat-transfer Equation
The numerical simulation was performed on the simplified mathematical model of a SJTC (Fig. 1) . The temperature distribution along the heater and the support-leads of the SJTC was calculated regarding the SJTC as a one-dimensional thermal system. The heater and the two support-leads were divided into 80 segments and 10 segments, respectively. The glass-base is taken as the heat-sink of the system. The Joule heat generated in the heater is conducted down to the heat sink through the support-leads and the thermocouple. When current i(t) is applied to the heater of the SJTC with cross-sectional area A, the temperature distribution of the heater θ(x) due to the Joule heat and the Thomson effect is determined by a second-order differential equation [1] 
where the symbols C V , k, ρ, and σ represent thermal capacity, thermal conductivity, electric resistivity, and Thomson voltage coefficient of the heater material, respectively.
The temperature distribution of the Joule-heat is slightly modified by non-Joule heating or cooling due to Thomson or Peltier effect. Since the amount of non-Joule heating caused by the thermoelectric effects is more than two orders of magnitude smaller than that of the Joule-heating, the thermoelectric effects were treated as perturbations in the evaluation of (3).
B. Characteristic Scale of a Thermal System
Since the speed of the heat transfer is finite, there is a relationship between the characteristic time-constants and the characteristic scale of a thermal system. For example, if heat is applied to a point x 0 in the one-dimensional system, diffusion of the heat after the time interval τ is characterized by a Gaussian distribution function
with the half-width λ given by
The constant ξ has the value ξ = 2 for impulse-heating or ξ ≈ 1 for continuous heating. The function (4) is a special solution of the second-order heat transfer equation and is sometimes referred to as a "point-source" solution. In the numerical simulation, the thermal capacity C V and the thermal conductivity k were assumed to be 3.6× 10 6 J m respectively. If we take ξ ≈ 1 and set 2λ = 5 mm for the heater and 2λ = 10 mm for the support-lead, the characteristic time constants are estimated to be of the order of 1.2 s for the heater and 2.5 s for the support lead.
IV. NUMERICAL SIMULATION
A. First-order Thomson effect
The calculated temperature distribution due to the first-order Thomson effect is shown in Fig. 2 . The Thomson coefficient is assumed to be uniform over the length of the heater with the value -2.0× 10 -6 V K -1 . At reversing frequencies less than 1 Hz, the temperature distribution approaches that of dc. For the higher reversing frequencies, the first-order effect does not have enough time to buildup the temperature distributions and, therefore, it is totally suppressed at frequencies higher than 100 Hz. 
B. Second-order Thomson effect
Since the Thomson effect produces the first-order temperature distribution of the order of 0.1 K, a non-negligible amount of the second-order Thomson heating/cooling is generated along the heater of the SJTC. Fig. 3 shows the calculated second-order Thomson heating/cooling in the vicinity of the bead. The exponential behavior of the second-order Thomson heating/cooling confirms the adequacy of the assumption used in the derivation of formula (2) . From the exponential fitting, the time-constant of the second-order Thomson effect is evaluated to be 0.15 s. In the case of the reversing frequency of 2.5 Hz, which is slightly below the characteristic frequency, the heating-and cooling-power compensate each other and the average power is much smaller than that for 0.25 Hz. 
C. Simulated FRDC-DC difference
The average power due to second-order thermoelectric heating/cooling does not change its polarity with current direction, as shown in Fig. 3 , and it modifies the temperature distribution along the heater. Fig. 4 shows the result of the simulated FRDC-DC difference δ FRDC-DC for reversing frequencies between 0.05 Hz and 5 kHz. The solid lines in the figure represent the curve-fitting of the data to the formula (2). Since the temperature distribution for slow-reversing FRDC is basically the same as that for steady-state dc, the FRDC-DC difference always approaches zero at lower frequencies. Detailed explanations for the data shown in Fig. 4 : Thomson (heater) represents the result of the simulated FRDC-DC difference for the second-order Thomson effect. The characteristic time-constant was evaluated to be 0.14 s, which is in good agreement with the exponential fitting in Fig. 3 .
Peltier (junction) represents the Peltier effect at the heater/support-lead junctions where different materials are joined. Assuming a Peltier coefficient of 2.2 mV with 10 mA current, Peltier heating/cooling of ±22 µW is generated at the junctions, resulting in the linear ±0.1 K temperature gradient across the heater.
Peltier (EMF) represents the Seebeck effect caused by the Peltier effect at the heater/support junctions. The temperature gradient due to the Peltier effect produces a thermal voltage due to the Seebeck effect, leading to an ac-dc difference which occurs only in the voltage mode [4] .
Thomson (local) represents the Thomson effect in the vicinity of the bead. In the process of forming the bead by flaming, the heater is exposed to the flame and the thermoelectric property of the heater-material may be locally modified in the vicinity of bead. In the simulation, the Thomson coefficient was enhanced from -2.0 µV/K to -20 µV/K in the range of ±0.13 mm from the bead. The frequency dependence is characterized by two time-constants.
Peltier (Local) represents the Peltier-Thomson effect in the vicinity of the bead. If there is a local variation in the property of the heater-material, the Peltier heating or cooling power can be generated at the boundary. It is assumed that there is a pair of heating-spots (Peltier coefficient of +0.2 mV) and cooling-spots (Peltier coefficient of -0.2 mV) located ±0.13 mm from the bead.
V. SUMMARY
The thermoelectric effects of different origins are analyzed using the numerical simulation on an SJTC. Time-constants determined by the simulated FRDC-DC difference measurement are summarized in Table. 1. The first two entries in the table represent the time-constants of Joule heating evaluated for the heater and the support-lead. Since the thermal capacitance of the support-lead is two orders of magnitude larger than that of the heater, changes in the temperature at the heater/support junctions are mainly determined by the time-constant of the support-lead. In the case of the Thomson effect, the first-order temperature distribution has asymmetry, as was shown in Fig. 2 . Since the center of the heater may be recognized as the imaginary heat-sink, half-length of the heater is taken as the characteristic length for the Thomson effect. The relationship between the characteristic scale and the characteristic time-constants of the thermoelectric effects are plotted in Fig. 5 . The plotted data show the result of the numerical simulation on the different origins of thermoelectric effects. The solid lines represent the simple theoretical formula (5) predicted for a one-dimensional thermal system. The upper part of the line represents the support-lead, the lower part of the line represents the heater. The good agreements suggest that the formula presents a fundamental relationship between the characteristic length and the characteristic time-constants of the thermoelectric effects. Hence, the thermoelectric time-constants determined by the FRDC-DC measurement give us an important insight into the location and the origin of the thermoelectric effects. Relationship between thermoelectric time-constants and the characteristic lengths associated with it. The solid lines represent the simple theoretical formula for the heater (lower part) and support-lead (upper part), respectively.
